Introduction

earthquakes.
93
In this paper, we apply the coda deconvolution method to data recorded at one KiK-net
94
(Japanese digital strong-motion seismograph network operated by NIED) station which is 95 located close to the epicenter of the 2000 Western-Tottori Earthquake (06/10/2000, M JMA 7.3).
96
We also theoretically synthesize the coda deconvolution assuming omni-directional incidence 97 of random waves to a 1-D layered velocity structure. Fitting the theoretical coda 98 deconvolution to the observed one for each time period before and after the mainshock, we 99 estimate the reduction and recovery process of shear modulus in the shallow ground. Then,
100
we evaluate how the P-and S-wave velocities and corresponding one-way travel times 101 changed after the strong ground motion shock. motion shock at this station (e.g., Yamazoe et al. 2004 ). Here, we refer the word "nonlinear acceleration less than 100 Gal may not be affected by the nonlinear effect.
140
Analysis procedure of the observed coda waves 141 We first deconvolve a coda record on the ground surface by a record at the downhole for 142 both EW and NS components for each earthquake. Then, the coda deconvolutions are 143 averaged over plural events occurred in each period as shown in table 1. Fig. 3c shows that 144 the amplitude spectrum of the downhole coda record is almost flat. This flatness is also 145 observed for other coda records of small earthquakes. This characteristic of coda record 146 confirms the stability of the surface coda record deconvolved by the downhole coda record.
147
A time window for the coda record begins from 2 seconds after twice of the S-wave where the nonlinear response is avoided. We select only the coda windows that satisfy the 154 above conditions. For the accelerogram of the mainshock, we select one time window for the 155 direct S-wave (0-10.24 s after the S-wave arrival) and 14 time windows for coda waves
156
(chosen from 50-280 s after the S-wave arrival). 
170
We assume that the average of the coda deconvolution represent the real structure of the 171 ground. The average coda deconvolution is given by
173
where N is the number of earthquakes used for the averaging in each period (see table 1 ).
174
Amplitude and phase spectra of the average coda deconvolution is given by 
196
The amplitude level of the lowest peak was much lower for the EW component than that 
Synthesis of the theoretical coda deconvolution
220
In this section, we show how to calculate the theoretical coda deconvolution. We assume 221 that incident waves are composed of omni-directional incoherent SH and SV waves that are 222 coming from the lower hemisphere with the same amplitude for all the directions (see fig. 7 ).
223
Also, the medium from the ground surface to the downhole sensor is assumed to be a 1-D 
the modified propagator matrix method by Silva (1976) . Instead of integrating over θ in eq.
238
(4), we numerically sum the integrands for θ from 5 to 85 degrees by a 10 degree interval. we don't adopt this value in our analysis. For simplicity, we assume that Q 0 does not vary 266 with layers.
267
To estimate the reduction percentage of shear modulus, it is necessary to make a 268 reference structure which explains the coda deconvolution observed before the mainshock. At 269 first, we calculated the synthetic coda deconvolution using the well-logging data, however,
270
the synthesis did not fit to the observation. Therefore, we modify the well-logging data so fig. 2 . The Q 0 value is estimated as 3.04. We note that the variation of the 283 velocity structures estimated from the five runs of the GA is within 2.6% for all the layers.
284
The Q 0 value estimated from the five runs varies from 2.95 to 3.36. heterogeneity. We checked that the coherence between the surface and downhole records is 307 very low around 5 and 15 Hz, which implies the existence of the strong scattering by 3-D 308 heterogeneity at these frequencies. We think the misfit around 5 and 15 Hz may be related to 309 the 3-D heterogeneity of the real ground structure which can not be modeled.
310
We show the estimated temporal change in shear modulus in fig. 9a . The abscissa is the after the mainshock and continued to recover for over 1 year.
329
Using P-and S-wave velocity structures estimated for each period, we calculate temporal fig. 8a ). Therefore, the disappearance of the downgoing waves in the observed 360 cross correlation function can not be explained only by intrinsic attenuation. We think strong 
365
The peak lag time of the cross correlation function increased in the period 0-10.24 s after 366 the direct S-wave arrival of the mainshock because the S-wave velocity dropped due to the 367 nonlinear response. In the period 50-280 s after the S-wave arrival, the peak lag time was 368 0.110 s, which was still 17 ms longer than the value obtained before the mainshock. After that, 369 the peak lag time continued to recover for over 1 year and approached the value obtained 370 before the mainshock. large strain oscillation. Thus, the log-linear recovery of shear modulus is widely observed.
416
We think the log-linear recovery observed in our study also be related to the healing 417 mechanism of the frictional strength between rocks or soil grains.
418
The drop and recovery process of shear modulus depend on property of soils such as 419 permeability, fluid content, and so on. Also, they depend on intensity of the ground motion. 
445
The mechanism of long-term recovery observed in the shallow ground may be related to 446 water drainage and/or fractures generated in the solid rock. To reveal the recovery mechanism,
447
it is necessary to analyze the data recorded by many borehole sensors which experienced 448 strong ground motion. Especially, strong ground motion data which is simultaneously 449 observed with the water pressure will be helpful to understand the relationship between the 450 recovery mechanism and the water drainage effects. This appendix shows the derivation of the theoretical coda deconvolution. We denote 463 back azimuth and incident angle of an incident wave as φ and θ, respectively (see fig. 7 ). We 464 define φ =0 for the incidence from west to east and θ=0 for the vertical incidence. The back 465 azimuth increases anticlockwise. The EW and NS components of the incident SH and SV
466
waves are given in the frequency domain by waves, respectively. We assume that these incident waves are stationary and the duration of 470 these signals is long enough so that we can assume the ergodic system. We also denote the 
where the subscript X denotes EW or NS component. The wave field is calculated by 478 integrating eq. (A2) by θ and φ. Therefore, the theoretical cross spectrum and power 479 spectrum at the downhole are given by
483 respectively, where the angular bracket indicates the average for the incidence of incoherent
484
waves from any directions. Substituting eq. (A2) to eqs. (A3) and (A4), we obtain
We assume that eqs. (A7) and (A8) and calculating the integrals for θ', φ ', and φ, we derive the results as Earthquake is denoted with a focal sphere.
600
Figure 2. P-and S-wave velocity structures of station SMNH01 with the geological structure. 
